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ABSTRACT

The presence of fibrocartilage in tendons that wrap around bony or fibrous pulleys is well known. It is an
adaptation to resisting compression or shear, but the extent to which the structure of most human tendons
is modified where they contact pulleys is less clear, for there has been no single comprehensive survey of a
large number of sites. Less is known of the structure of the corresponding pulleys. In the present study, 38
regions of tendons that wrap around bony pulleys or pass beneath fibrous retinacula have been studied in
routine histology sections taken from each of 2 or 3 elderly dissecting room cadavers. Most of the
corresponding pulleys have also been examined. Fibrocartilage was present in 22 of the 38 tendon sites and
it was most conspicuous where the tendons pressed predominantly against bone rather than retinacula and
where they showed a large change in direction. Fibrocartilage was more characteristic of tendons at the
ankle than the wrist, probably because the long axis of the foot is at right angles to that of the leg. There
was considerable variation in the structure of tendon fibrocartilage. The most fibrocartilaginous tendons had
oval or round cells embedded in a highly metachromatic matrix with interwoven or spiralling collagen fibres.
At other sites, fibrocartilage cells were arranged in rows between parallel collagen fibres. The differences
probably relate to differences in development. A single tendon could be modified at successive points along
its length and fibrocartilage could be present in the endotenon and epitenon as well as in the tendon itself.
Pathological changes seen in 'wrap around' tendons were fragmentation and partial delamination of the
compressed surface, chondrocyte clustering, fatty infiltration and bone formation. Three types of pulleys
were described for tendons-bony prominences and grooves, fibrous retinacula and synovial joints. The
extent of cartilaginous differentiation on the periosteum of bony pulleys frequently mirrored that in the
corresponding tendon. The cartilage or fibrocartilage prevents the tendon from 'sawing' through the bone.
Some of the best known retinacula were largely fibrous, though the inferior peroneal retinaculum and the
trochlea for the superior oblique were cartilaginous. The results underline the considerable regional
heterogeneity in different tendons and their pulleys. They show that one tendon is not like another and that
tendons may need to be carefully selected for particular surgical transfers or joint reconstructions.
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their length. Many tendons pass around bony pulleys
INTRODUCTION

or beneath fibrous retinacula in order to change the
Recent studies have challenged the traditional view direction of muscle pull (see review by Benjamin &
that one tendon or ligament is much like another in its Ralphs, 1995). Such regions of tendons can be
structure and biochemical composition (e.g. Amiel et fibrocartilaginous (Merrilees & Flint, 1980; Vogel &
al. 1984; Harwood & Amiel, 1992; Vogel et al. 1993). Koob, 1989; Benjamin & Ralphs, 1995). The fibro-
An important clinical implication is that tendons and cartilage enables the tendons to resist compression
ligaments may need to be carefully selected for because it contains large proteoglycans typical of
particular surgical transfers and joint reconstructions. cartilage (Vogel & Koob, 1989; Vogel et al. 1993,
It is also clear that tendons can vary regionally along 1994; Robbins & Vogel, 1994). However, the extent to
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Table. Distribution offibrocartilage in tendons and their corresponding pulleys

Fibrocartilage Fibrocartilage
Tendon Pulley in tendon in pulley

Hand
Flexor carpi radialis
Flexor digitorum superficialis
Flexor pollicis longus
Abductor pollicis longus
'Extensor pollicis longus
'Extensor pollicis brevis
Extensor carpi ulnaris
Extensor carpi ulnaris
'Extensor carpi radialis brevis
Extensor carpi radialis brevis
'Extensor carpi radialis longus
Extensor digitorum
Extensor digitorum
Extensor digitorum
Extensor digitorum
'Flexor digitorum superficialis

Elbow
Biceps brachii

Foot
'Peroneus brevis
'Peroneus brevis
'Peroneus longus
'Peroneus longus
Flexor hallucis longus
Flexor hallucis longus
Tibialis posterior
Tibialis posterior
Tibialis anterior
Extensor hallucis longus
Extensor hallucis longus
Extensor digitorum longus

Knee
Popliteus
Lateral head of gastrocnemius

Hip
Gluteus maximus
'Gluteus maximus
Obturator internus

Head
Tensor veli palatini
Superior oblique

Trapezium
Flexor retinaculum
Flexor retinaculum
Flexor retinaculum
Radius/extensor retinaculum
Radius/extensor retinaculum
Head of ulna
Triquetral
Radius/extensor retinaculum
3rd metacarpal (near attachment)
Radius/extensor retinaculum
Extensor retinaculum
Metacarpophalangeal joint
Proximal interphalangeal joint
Distal interphalangeal joint
'Flexor digitorum profundus

Radial tuberosity

Peroneal tubercle/IPR
Lateral malleolus/SPR
Lateral malleolus/SPR
Cuboid/retinaculum
Sustentaculum tali
Talus
Medial malleolus
Plantar calcaneonavicular ligament
Superior extensor retinaculum
Superior extensor retinaculum
Inferior extensor retinaculum
Superior extensor retinaculum

Femoral groove on femur
Lateral condyle of femur

Greater trochanter
'Vastus lateralis
Ischium

Hook of hamulus
Trochlea

-, absent; *, present; **, conspicuous; ***, highly conspicuous. Tendons where both the bony pulley and the associated retinaculum were

examined. The presence or absence of fibrocartilage is recorded at both sites in the last column. 'Tendons that press against each other.
AC, articular cartilage; IPR, inferior peroneal retinaculum; SPR, superior peroneal retinaculum.

which all human tendons are modified as they pass

around bony or fibrous pulleys is unknown, for there
has been no single comprehensive study of a wide
range of 'wrap-around' tendons-only isolated
reports exist. Tillmann (1992) and Koch & Tillmann
(1994) found fibrocartilage in the distal tendon of
biceps brachii, in supraspinatus and in peroneus

longus. The proximal tendon of biceps is fibro-
cartilaginous as it curves over the head of the humerus
(Tillmann & Kolts, 1993), but not as it runs through
the intertubercular sulcus (Benjamin et al. 1993 a).
Tibialis posterior is fibrocartilaginous where it passes

around the medial malleolus (Vogel et al. 1993) and
the extensor tendons of the fingers are similarly
modified where they cross the proximal inter-
phalangeal joints (Benjamin et al. 1993b; Ralphs &
Benjamin, 1994; Ralphs et al. 1995). Even less
attention has been paid to the pulleys that contact the
tendons, although they too can be fibrocartilaginous
(Stilwell & Gray, 1954; Balogh & F6ldes, 1955; Rufai
et al. 1992). Pulley tissue is responsive to mechanical
demands, for periosteal fibrocartilage lining a bony
groove can disappear when the associated tendon is
ruptured (Benjamin et al. 1993a) and fibrocartilage
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Fibrocartilage in human tendons and their pulleys

(as indicated by increased quantities of type II
collagen) can appear in the flexor retinaculum in
patients with the carpal tunnel syndrome (Weiss et al.
1994).
The purpose of the present study was to determine

whether fibrocartilage differentiation is a feature of all
tendons that press on bony or fibrous pulleys, and the
extent to which the pulleys themselves are modified.
We addressed these points in an extensive histological
survey of material from elderly dissecting room
cadavers. The results underline the considerable
regional heterogeneity in different tendons and their
pulleys. It cannot be assumed that one wrap-around
tendon or its pulley is like another.

MATERIALS AND METHODS

Thirty-eight regions of tendons that wrap around
bony pulleys or pass beneath fibrous retinacula were
examined in formalin-fixed dissecting room cadavers
(both sexes; age 69-89 y; see Table). Two or three
specimens of each tendon (each containing com-
pressed and adjacent noncompressed regions) and the
associated pulley were examined in different cadavers
in order to confirm the presence or absence of
fibrocartilage at a particular site. After further fixation
in 10% neutral buffered formol saline, specimens were
decalcified where necessary in 2% nitric acid,
dehydrated in graded alcohols, cleared and embedded
in paraffin wax for routine histology. Two longi-
tudinal sections (8,m thick) were collected at 1 mm
intervals throughout each block and stained with
toluidine blue (for metachromasia) or Masson's
trichrome. This ensured that the contact area with the
pulley was sampled. The bony pulleys were cut in a
direction that corresponded to the long axis of the
associated tendon so that the full thickness of the
periosteum in contact with the tendon could be
studied. The fibrous retinacula were generally cut in
cross-section. Sections were collected at 1 mm
intervals as above.

RESULTS

The distribution of fibrocartilage in the tendons and
their corresponding pulleys is summarised in the
Table.

of fibrocartilage differentiation, as suggested by the
intensity of metachromasia, cell shape and collagen
fibre arrangement. In some tendons, there was a slight
increase in metachromasia of the extracellular matrix
(ECM), but the cells were fibroblasts typical of the
tensional regions of tendons (Fig. 1). The most
fibrocartilaginous tendons had oval or round cells
irregularly arranged in an intensely metachromatic
ECM with an interwoven or spiralling network of
collagen fibres (e.g. peroneus longus where it grooves
the cuboid; Figs 2, 3). At other sites, there were rows
of rounded or oval cells that were surrounded by a
metachromatic pericellular ECM and separated by
parallel arrays of collagen fibres (e.g. flexor hallucis
longus grooving the sustentaculum tali; Fig. 5). In
addition, fibrocartilage cells could be present in the
connective tissue sheaths of the tendon, i.e. the
epitenon (e.g. tibialis posterior near the medial
malleolus; Fig. 4) and endotenon (e.g. flexor hallucis
longus near the talus; Fig. 6).
A single tendon could be modified in successive

regions along its length and fibrocartilage was more
conspicuous in some parts than others. Thus peroneus
longus presses against 3 bony pulleys (the lateral
malleolus, peroneal tubercle and cuboid) en route to
its insertion on the medial side of the foot and was
fibrocartilaginous in all sites. However, in all bodies it
was most fibrocartilaginous where it grooved the
cuboid (Fig. 2). Extensor digitorum, which has 4
pulleys (at the wrist, the metacarpophalangeal joint
and the proximal and distal interphalangeal joints),
was most fibrocartilaginous where it crossed the
metacarpophalangeal joint.
Some tendon fibrocartilages showed degenerative

change. The most typical finding was fragmentation
and partial delamination of tissue from the com-
pressed surface (Fig. 8). This was sometimes ac-
companied by the formation of clusters of fibro-
cartilage cells (Fig. 9). Structural alterations were
occasionally seen in the deeper parts of tendons.
These included fatty infiltration and hypercellularity
of the endotenon in one tendon of peroneus brevis
near the lateral malleolus, and an extensive fatty and
vascular infiltration of extensor hallucis longus that
totally disrupted its normal structure (Fig. 7). Intra-
tendinous endochondral ossification was seen in one
specimen of flexor digitorum profundus.

Tendons

Fibrocartilage was present in 22 of the 38 sites
examined in tendons. It was less conspicuous where
tendons pressed predominantly against fibrous rather
than bony pulleys. There was a continuous gradation

Pulleys

Three types of pulley were noted that allow tendons
to change direction-bony grooves or prominences,
fibrous retinacula and synovial joints (Fig. lOa). In
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Fig. 1. Sparse fibroblasts (arrows) lying in rows between parallel collagen fibres (CF) in the tensional region of the tendon of tibialis posterior
(proximal to the medial malleolus). Toluidine blue. x 300.

Fig. 2. A highly fibrocartilaginous region of peroneus longus where the tendon lies in the groove on the cuboid. Note the interweaving
bundles of collagen fibres and the dark staining associated with the intense metachromasia of the ECM. Toluidine blue. x 38.



Fibrocartilage in human tendons and their pulleys

ET

W p ~~~~~AC IP

AT

WPB~~~cP
10 a IPR b

Fig. 10. Diagrammatic representation of the 3 types of pulleys that can change the direction of tendons-bony prominences and fibrous
retinacula (a) and a synovial joint (b). (a) The tendon of peroneus brevis (PB) passes around a bony pulley created by the lateral malleolus
(LM). It is held in position by the superior peroneal retinaculum (SPR). It then passes through an additional fibrous loop, the inferior
peroneal retinaculum (IPR) which prevents it bowstringing when the foot is everted. (b) The central slip of the extensor tendon (ET) wraps

around the proximal phalanx (PP) when the finger is flexed. AC, articular cartilage; AT, Achilles tendon; C, calcaneus; IP, intermediate
phalanx; T, tibia.

some joints, the tendon is an integral part of the
capsule and wraps around a pulley formed by the
articular cartilage covering one of the bones. A good
example is the central slip of the extensor tendon
passing over the proximal interphalangeal joint of the
finger (Fig. lOb).
The periosteum of bony grooves or prominences

was frequently modified to form a fibrocartilaginous
or even cartilaginous covering (Figs 11-13), although
a few periostea were purely fibrous (e.g. the groove for
extensor pollicis longus on the radius; Fig. 16). At
many sites, the extent of periosteal differentiation
mirrored that in the associated tendon. For example,
there was marked cartilaginous differentiation of the
periosteum lining the groove on the cuboid (Fig. 12).
This was in contact with the most fibrocartilaginous
region of peroneus longus (see above). The tissue
formed a thick white lining that was clearly visible to

the naked eye and in histological sections was hyaline
cartilage. The other bony pulleys associated with
peroneus longus were covered with fibrocartilage,
correlating with slightly less conspicuous fibro-
cartilage in the corresponding parts of the tendon. At
the lateral malleolus, the deep part of the periosteum
was strongly metachromatic and fibrocartilaginous,
but the superficial part was more fibrous (Fig. 11). A
cartilaginous periosteum lined the popliteal groove
near the tendon-bone junction of popliteus (Fig. 13).
Some of the best known retinacula were largely

fibrous, e.g. the flexor and extensor retinacula of the
wrist. Fibrocartilage was best developed in the inferior
peroneal retinaculum (Figs 14, 15) and the pulley
formed by the trochlea for the superior oblique
muscle of the eye was strikingly cartilaginous (Figs 17,
18). Indeed, at both sites, the pulleys were more
cartilaginous than their associated tendons.

Fig. 3. Detail of the fibrocartilage cells in Figure 2. Toluidine blue. x 300.

Fig. 4. Fibrocartilage cells (arrow) in the epitenon (EP) of tibialis posterior where it presses against the medial malleolus. T, tendon. Toluidine
blue. x 120.

Fig. 5. Rows of fibrocartilage cells (arrows) separated by parallel bundles of collagen fibres (CF) in the tendon of flexor hallucis longus where
it presses against the sustentaculum tali. Toluidine blue. x 300.

Fig. 6. Prominent metachromasia associated with fibrocartilage differentiation in the endotenon (EN) between tendon fascicles (F) in flexor
hallucis longus where it grooves the posterior surface of the talus. Round or oval fibrocartilage cells are present in the endotenon similar
to those illustrated in Figures 3 and 5. Toluidine blue. x 48.

Fig. 7. Numerous fat cells (FC) infiltrating the tendon of extensor hallucis longus as it passes beneath the superior extensor retinaculum.
Toluidine blue. x 120.
Fig. 8. Pathology of fibrocartilage in the epitenon of flexor hallucis longus where it grooves the posterior surface of the talus. Note the deep
fissure (FI) and the clusters of fibrocartilage cells (arrows). Toluidine blue. x 120.
Fig. 9. Detail of chondrocyte clusters (arrow) shown in Figure 8. Toluidine blue. x 300.
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Fig. 11. The periosteum on the lateral malleolus where it contacts the peroneal tendons. The deep part of the periosteum (between the arrows)
is more metachromatic and fibrocartilaginous, and the superficial part is more fibrous (F). B, bone; CF, calcified fibrocartilage. Toluidine
blue. x 48.
Fig. 12. Cartilaginous differentiation of the periosteum lining the groove of the cuboid where it contacts the tendon of peroneus longus. B,
bone; CC, calcified cartilage. Toluidine blue. x 120.
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DISCUSSION

The results show that the extent of fibrocartilage
differentiation in compressed regions of human
tendons varies according to site and depends on the
nature of the pulley. Although the work is based on
tendons from elderly people, whose medical history is
unknown and whose tendons could be less heavily
loaded than those of younger persons, comparisons
within a body are still valid. Fibrocartilage is most
conspicuous in tendons that press against bony
pulleys, and is usually absent where they press largely
against retinacula. It should be noted that there is a
distinction between a retinaculum that serves pri-
marily to provide a fibrous pulley for a tendon and
one which serves largely to retain a tendon in position
against a bony pulley. In the latter, the tendon may be
highly fibrocartilaginous, but this is probably
associated with its mechanical loading on the bone
rather than the retinaculum.
Where a tendon fibrocartilage has rows of rounded

fibrocartilage cells that lie between parallel arrays of
collagen fibres, it must have formed by metaplasia of
tendon fibroblasts (Rufai et al. 1992; Benjamin &
Ralphs, 1995). This is consistent with experimental
work where tendons placed under increased com-
pressive loading upregulate the synthesis of large
proteoglycans (Gillard et al. 1979; Koob et al. 1992).
Functionally, such fibrocartilages occur in tendons
with moderate changes in angle around their pulleys
(e.g. flexor hallucis longus grooving the sustentaculum
tali). The origin of the most highly developed tendon
fibrocartilage (e.g. peroneus longus in the groove of
the cuboid) was less clear. It is difficult to imagine a
tendon with sparse cells in a large ECM, completely
reorganising the arrangement of its collagen fibres in
response to increased load. This would suggest that
such fibre organisation must be established early in
development. This has been demonstrated in certain
animal fibrocartilages (Evanko & Vogel, 1990; Ralphs
et al. 1992), although different fibrocartilages may
have different ways of forming such a structure. In the
rat quadriceps tendon (Ralphs et al. 1922), fibro-
cartilage above the patella develops from a population

of cells on the deep surface and not from the tendon
itself (Ralphs et al., 1992; Benjamin & Ralphs, 1995).
In the annulus fibrosus of the developing inter-
vertebral disc, the highly ordered lattice-like arrange-
ment of collagen fibres of the lamellae is preceded by
a similar arrangement of cell sheets (e.g. Rufai et al.
1995). The same may occur in certain developing
tendon fibrocartilages.

Functionally, the significance of interweaving
collagen fibres in fibrocartilaginous regions of adult
tendons is unclear. It could be purely mechanical,
preventing the tendon from splaying apart when it is
under compression against a pulley like the twisted
strands of a rope. In addition, the network of collagen
fibres could be organised to control the swelling of
large proteoglycans in the creation of a pressure-
tolerant structure. Tendons with this fibrocartilage
organisation include those which most commonly
contain sesamoid bones (peroneus longus and tibialis
posterior; Jones, 1949; Williams et al. 1989). It seems
that such extensive fibrocartilaginous modification
may predispose to endochondral ossification.
The presence of fibrocartilage cells in the epitenon

has been reported previously in developing bovine
deep flexor tendon and in the chick digital flexor
tendon (Greenlee et al. 1975; Evanko & Vogel, 1990).
Here, we confirm this finding in human tendons and
also describe the presence of fibrocartilage in the
endotenon. The significance of these findings is
unclear. The increased glycosaminoglycan content
could protect blood vessels in the endotenon from
compression, although compressed regions of tendons
are frequently hypovascular (see Benjamin & Ralphs,
1995, for review).
There are significant differences in the way that

fibrocartilage is distributed in the upper and lower
limbs. Fibrocartilage differentiation was much more
pronounced in tendons at the ankle than the wrist.
This relates to anatomical factors which result in
mechanical differences. Because the long axis of the
foot is at right angles to that of the leg, tendons at the
ankle are permanently bent around the bony malleoli
and thus constantly subject to compression and/or
shear. However, in the wrist, there is little or no

Fig. 13. Cartilaginous differentiation of the periosteum lining the popliteal groove of the femur in contact with the tendon of popliteus. B,
bone; CC, calcified cartilage. Toluidine blue. x 120.

Fig. 14. Fibrocartilage in the inferior peroneal retinaculum where it contacts the peroneal tendons. Note the fibrocartilage cells surrounded
by metachromatic pericellular matrix (arrows). Toluidine blue. x 75.

Fig. 15. Detail of the fibrocartilage cells shown in Figure 14. Toluidine blue. x 300.
Fig. 16. A thick fibrous periosteum with conspicuous bundles of collagen fibres (CF) lining the groove for extensor pollicis longus near the
dorsal tubercle of the radius. No fibrocartilage cells were present. B, bone. Masson's trichrome. x 75.

Fig. 17. The cartilaginous trochlea (T) for the tendon of the superior oblique (SO) muscle of the eye. Toluidine blue. x 20.
Fig. 18. Detail of cartilage cells in the trochlea featured in Figure 17. Toluidine blue. x 150.
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change in tendon direction when the hand is in the
anatomical position. In flexion and extension, tendons
contact retinacula and bone alternately but the
loading is less than in the ankle as body weight is not
being supported. All these factors mean that less
compressive load is placed on tendons at the wrist.

Fibrocartilaginous regions of tendons that wrap
around bony pulleys are inevitably subject to wear
and tear. The damage particularly affects the surface
of the tendons and the fissuring and cell clusters in the
epitenon are reminiscent of the fibrillation that occurs
in articular cartilage early in osteoarthritis (Brandt &
Mankin, 1993). Similarities between the repair re-
sponse of tendon fibrocartilage and articular cartilage
have been reported previously in the human Achilles
tendon (Rufai et al. 1995). Extensive infiltration of
tendons with fat cells has been described by Kannus &
Jozsa (1991) and called 'tendolipomatosis'.
The results highlight a clear link between com-

pressive fibrocartilage in tendons and periosteal
fibrocartilage on bony pulleys. Wherever the former is
present in a tendon, the latter is always a feature of the
bone, unless that bone is already covered with
articular cartilage as part of a synovial joint. Fur-
thermore, the most fibrocartilaginous tendon
(peroneus longus) was associated with the most
cartilaginous bone surface (the cuboid). Previous
studies (see Beresford, 1981, for review; Rufai et al.
1992) have shown that periosteal fibrocartilage
develops as a secondary cartilage in response to the
mechanical action of the tendon on the bone. Stilwell
& Gray (1954) examined 15 sites at which tendons
contact bone and found periosteal fibrocartilage at 5
of those sites. In the present study, we describe
periosteal fibrocartilage in the overwhelming majority
of sites. The reason for the different findings is that we
have largely chosen sites where the tendon changes
direction around a bony pulley, whereas Stilwell &
Gray (1954) were purely interested in sites of
tendon-bone contact, only some of which were
pulleys. However, where these authors did find
fibrocartilage on a pulley, its structure was the same as
that which we describe in several sites here-i.e. a
deep fibrocartilaginous and a superficial fibrous part
of the periosteum. Surprisingly, Stilwell & Gray (1954)
felt unable to comment on the functional significance
of periosteal fibrocartilage. In our opinion, it serves
along with the associated tendon fibrocartilage to
prevent tendons and their pulleys from being damaged
by the 'sawing' action of the tendon.

Retinacula (and the tendons in contact with them)
generally showed little fibrocartilaginous differen-
tiation. This probably relates to flexibility of the

pulley. The only substantially (fibro)cartilaginous
retinacula were the inferior peroneal retinaculum and
the trochlea for the superior oblique muscle of the eye.
The tendon of the superior oblique changes direction
markedly as it passes through the trochlea and thus it
could be subject to a compressive force which is
relatively large for such a small tendon. It is curious
that the tendon itself is not fibrocartilaginous. This
could be because its pulley is highly flexible and the
tendon has a large excursion through it. The com-
pressive load may thus be spread along a considerable
length of the tendon. It seems therefore that the
compressive forces generated where a tendon presses
against a bony or fibrous pulley may lead to
modification in the tendon, the pulley or both.
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